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Genomic scans of clones isolated from long-term stab cultures of Escherichia coli K-12 showed the loss of two
large segments of the genome, with each lost segment being approximately 20 kb long. A detailed analysis of
one of the deletions, located between 5.4 and 5.9 min, revealed that similar deletions had arisen in several other
stab cultures. All deletions of this type exhibited a right terminus ending precisely at an IS54 element and a
left terminus that varied over an ~5-kb range but was bordered in all but two cases by sequences belonging
to the preferred consensus target sequence for IS5, YTAR. The ubiquity of such deletions in independent stab
cultures and the increase in their frequency over time argue that they have a selective advantage. It is
speculated that the loss of the crl locus is responsible for the selective advantage of the deletions.

The gram-negative bacterium Escherichia coli is one of the
most intensively studied organisms in biology. Our wealth of
knowledge concerning this organism has come about in no
small part from the ease of growing clones in laboratory cul-
tures with defined media under easily replicated environmental
conditions. Yet this ease of experimental manipulation has not
encouraged the study of this organism outside of these simple
environments, and as a result our understanding of the biology
of this organism is largely restricted to the biology of mid-log-
phase laboratory cultures, for which all components of the
medium are nonlimiting. However, such conditions are rarely
encountered by E. coli in natural environments. Savageau (36)
estimated that the average generation time of E. coli in nature
is ~40 h. Since the generation time of E. coli in a rich medium
under ideal conditions is ~40 min, we must conclude that this
organism spends the vast majority of its life cycle under con-
ditions of starvation.

It is now known that E. coli cultures entering stationary
phase undergo many complex physiological and biochemical
changes (17, 28). Evidence is now accumulating that cultures
maintained in stationary phase continue to undergo genetic
changes. Kolter and colleagues (41, 42) have shown that mu-
tants carrying loss-of-function alleles of both Irp and rpoS pre-
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dominate in stationary-phase cultures, while Naas et al. (26,
27) have described extensive genetic variations arising from
insertion sequence (IS) element transposition in stab cultures
of E. coli maintained for up to 30 years. In a series of commu-
nications, Eisenstark and colleagues (13, 20, 30, 37) showed
that archival cultures of Salmonella have accumulated varia-
tions in genome size and gene order as well as variations at the
gene level. For this communication, we used comparative gene
hybridization to systematically scan for changes in the genome
of E. coli K-12 maintained in long-term stab cultures.

MATERIALS AND METHODS

Strains. The strains used for this study are listed in Table 1. All clones isolated
from stabs were derivatives of E. coli K-12 strain W3110. All clones were stored
at —80°C in a 20% glycerol solution.

Media and culture conditions. Cultures were maintained at 37°C in Luria-
Bertani (LB) or M9 minimal medium supplemented with 0.004% proline when
necessary (35). LB and M9 solid media contained 12 g of agar/liter. Stabs
consisted of capped glass tubes (12-mm diameter) containing 2 ml of LB medium
with agar (10 g/liter). The stabs were inoculated from overnight cultures by use
of a loop. The inoculated stabs were incubated for 24 h at 37°C and then stored
at room temperature. Twelve stabs were inoculated with the W3110 original
strain, and at different stages (2, 42, and 183 days), four tubes were opened and
a small plug (ca. 20 mm?) was removed from the surface of each. Serial dilutions
were spread onto LB plates to isolate 30 independent clones from each of the
stabs.

Molecular methods. Standard molecular biology procedures were used (35).
The digested total DNAs of the bacteria were hybridized with different digoxi-
genin-labeled probes. The IS5 and IS30 probes were prepared as previously
described (26). IS971 DNA was obtained by PCR amplification with the pOF139
plasmid DNA as a template (32) and with primers I1S9/7-1 (5'-GAAGTGGCA
CACTGAATTTGG) and IS911-2 (5'-TGAAGTGGTCAACAAAAACTGC).
The other DNA probes were obtained by PCR amplification with pairs of
internal primers for the following genes: for lcpA, primers LepAl (5'-AACGA
ACTGAACGAAGCGGCG) and LcpA2 (5'-AATCTCCTGAATGCGGTCG
GC); for dinB, primers DinBl (5'-AAATTATGCCCACATCTCACC) and
DinB2 (5'-CGCGGTGGCGATTAGATCAGC); for yafO, primers YafO1 (5'-
CAACCGGTTGCGGTTCTTTC) and YafO2 (5'-GGTTATGCTTGCGTCCA
CCG); for pepD, primers PepD1 (5'-CGTTCAGGGAGGTTTCAACC) and
PepD2 (5'-CACGAAAGATCCTATCCAGC); for crl, primers Crll (5'-GCAA
CCCGAAGAGCAGATTG) and Crl2 (5'-CCGTTAACTTCACCGGCTCG);
for phoE, primers PhoE1 (5'-TGCTTCTGCACGCTTGCCTG) and PhoE2 (5'-



6438 FAURE ET AL.

J. BACTERIOL.

TABLE 1. Bacterial strains used for this study

E. coli K-12 derivative(s)

. Reference or
Relevant characteristics

origin®

W3110¢ rph-1 IN(rmD-rmE)1 PEGM
A59 Isolated from a 30-year-old stab 26
E26, E41 proB-1830, isolated from a 42-day-old stab (stab E) This work
F10 proB-1830, isolated from a 42-day-old stab (stab F) This work
G92, G95, G113 proB-1830, isolated from a 183-day-old stab (stab G) This work
H122, H148 proB-1830, isolated from a 183-day-old stab (stab H) This work
B52 proB-1830, isolated from a 183-day-old stab (stab B) PEGM
D22 proB-1830, isolated from a 183-day-old stab (stab D) PEGM
Y4, Y5, Y15, Y24, Y26, Y34, Y35, Y39, Y42, proB-1830, isolated from a 5-year-old stab (stab Y) PEGM

Y45, Y46, Y49, Y50, Y51, Y52, Y53, Y54,

Y58, Y59, Y60
714,720, 722, 724, 727, 728, 729, 757 proB-1S30, isolated from a 4.5-year-old stab (stab Z) PEGM
W2914¢ A(gpt-proA) (also called proA2) CGSC
W2915 proA2 CGSG
HB101 proA2 PEGM

¢ Strains W2914 and W3110 were derived from E. coli K-12 by two distinct lineages (5).
? PEGM, Plasticité et Expression des Génomes Microbiens, Université Joseph Fourier, Grenoble, France, CGSC, Coli Genetic Stock Center (Yale University).

CGCCAGTAAAGATGGCGACC); for proB, primers ProB1 (5'-GTTGAACT
TGTTCGCGAGTG) and ProB2 (5'-CCGAAAATCCAGCGTTTACGG); and
for ykfC, primers YkfC1 (5'-AGCTTGCCACATGGGCAGCC) and YkfC2 (5'-
GTACGCCACCGCGGGTTTCC). The nucleotide sequence of the region
flanking the proB-1S30 deletion was determined with the purified PCR product
obtained with an internal IS5 primer (5'-GACTGAGTCAGCCGAGAAG) in
combination with primer PepD1, PepD3 (5'-GCTGGATAGGATCTTTCGTG),
or YafOl.

Comparative genomic hybridization. Genomic DNAs were isolated by stan-
dard procedures from overnight cultures grown in LB medium (35). After di-
gestion with Alul, the DNAs were labeled by random priming with 3*P-labeled
nucleotides as described previously. The genomic DNAs were then hybridized to
E. coli DNA array high-density nylon filters (Sigma-Genosys) by the procedures
recommended by the manufacturer. The filters were then exposed overnight on
a phosphorimaging screen. The filters were stripped by standard procedures as
recommended by the manufacturer. Each high-density array was probed a max-
imum of six times. The arrays were analyzed with Array Gauge, v. 1.21, software
(Fuji Medical Systems, Stamford, Conn.). Intensity measurements at each spot
for each exposure were then obtained and were normalized by use of the fol-
lowing equation: normalized spot intensity = (spot intensity reading) X (10,000/
average intensity of the reference spots). For each comparison, a total of four
measured spot intensities were used. Modifying the work of Riehle et al. (34), we
used a regression model, W1 = mW?2 + b, to fit the strain W3110 data to obtain
a total blot intensity-corrected replicate-averaged value for each gene by the
equation W = (WI + mW2 + b)/2, where WI and W2 represent different
exposures of one strain. In the same way, intensity-corrected replicate-averaged
values were calculated for strains A59 and Y34. A residual was then calculated
by fitting the data to a second regression model, y = mW + b, and determining
the difference between the predicted and measured spot intensities. The resid-
uals were sorted according to their gene order in E. coli K-12, and moving
averages were calculated based on a window size of 20. Confidence intervals were
calculated as +3 standard deviations, determined as previously described (34).

RESULTS

We selected two clones isolated from long-term stab cultures
to screen for duplications and deletions by comparative
genomic hybridization. A59 was isolated from a stab culture of
W3110 maintained for approximately 30 years in the labora-
tory of W. Arber (26). The second clone analyzed, Y34, was
isolated from a stab culture (stab Y) (Table 1) that was main-
tained for 5 years and was initially inoculated with 22 indepen-
dent clones (including A59) isolated from the same stab cul-
ture at the same time at which A59 was isolated (Table 1). Y34
was derived from clone A83, one of the 22 clones that were
used to initiate the mixed stab culture Y. Stab culture Y (as

well as stab culture Z [see below]), comprised of a series of
isolates from a 30-year-old stab culture, was originally con-
structed to analyze fitness relationships between the clones.
Independent mixed stab culture experiments indicated that
A59 and A83 were the most abundant clones isolated from
mixed stab cultures after several years.

Both A59 and Y34 were compared to a culture of the an-
cestral strain of W3110, which had been stored at —80°C. The
comparative genomic hybridization intensities for W3110 and
Y34 indicated that two large deletions occurred in strain Y34.
Deletion I spans ~19 kb and is located between 5.4 and 5.9 min
on the E. coli K-12 map, while deletion II spans ~23 kb and is
located between 72.1 and 72.5 min on the map (Fig. 1). The
genes located within these two deletions are listed in Table 2.
Comparative genomic hybridization intensities for W3110 and
the intermediate culture A59 indicated that A5S9 does not pos-
sess any deletions (data not shown).

Deletion I, found in Y34, includes the proBA operon, which
is required for proline biosynthesis. We confirmed that this
clone was auxotrophic for proline. Since proline auxotrophy
therefore provided a convenient screen for strains that had
suffered a deletion of this section of the chromosome, we
elected to screen isolates from other stab cultures for similar
deletions.

An analysis of the 22 strains used to inoculate stab Y (in-
cluding A59 and A83) revealed that none were proline auxo-
trophs. We therefore concluded that deletion I arose during
the 5 years of maintenance of this stab culture. To determine
the dynamics of the proline auxotroph phenotype in stab cul-
tures, we tested a total of 360 clones isolated from a series of
12 independent stab cultures maintained for 2, 42, or 183 days.
Figure 2 shows that the frequency of proline auxotrophs in-
creased steadily, to an average frequency of 0.22 after 183 days.
In addition, we tested a total of 201 clones isolated from two
additional mixed stab cultures maintained for 5 years (stab Y)
(Table 1) and 4.5 years (stab Z) (Table 1). Among these 201
clones, the frequency of proline auxotrophs reached 0.21 and
0.40 after 4.5 and 5 years of starvation, respectively.

Since the occurrence of type I deletions occurred repeatedly
in independent stab cultures and since their frequency in-
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FIG. 1. Comparative genomic hybridization of strain W3110 and strain Y34. Genes are plotted by their coordinates according to the E. coli K-12
genome map (6). Confidence intervals were calculated as described in the text.

creased steadily over time, we analyzed a subset of 38 clones
isolated from these stab cultures, all of which were proline auxo-
trophs. To determine the exact end points of the deletions, we
digested the genomic DNAs with EcoRV and hybridized them
with probes for IS5, 1S30, 1S911, lcpA, dinB, yafO, pepD, crl, phoE,
proB, and ykfC. For each clone, the restriction map of the region
was refined by PCR amplification with the IS5 primer in combi-
nation with the PepD1, PepD3, or YafOl primer (see Materials
and Methods). The results confirmed the existence of the type I
deletion (Table 2) in Y34 and allowed us to more precisely de-
termine its right and left boundaries. Based on restriction analysis
of the lcpA-IS1A region and the lengths of the PCR products, the
38 clones identified as proline auxotrophs fell into 12 groups (Fig.
3). All mutants shared a deleted region of approximately 16 kb
between the crl and ykfC loci. At the left extremity, all deletions
terminated upstream of cr/ and downstream of dinB. With the
16-kb deletion (the shortest one), the following characterized loci
were lost: crl, phoE, proBA, thrW, and IS304. With the largest
deletions, which were approximately 21 kb long, the gpt and pepD
genes were also lost. Some stab cultures were observed to be
polymorphic, containing up to three different type I deletions
(e.g., E26 and E41 in stab E; Y39, Y52, and Y54 in stab Y; and
720,722, and Z29 in stab Z). The same deletion was found in two
different stab cultures, B52 and D22, but otherwise the deletions
found in each culture were unique to that culture.

In order to precisely determine the boundaries of the 12
type I deletions, we sequenced the regions encompassing the
12 different junctions. The results are shown in Fig. 4. The
right boundary was invariant in all of the deletion types
sequenced and was located exactly at the left terminus of the
IS50A4 sequence. The locations of the left boundaries of the
deletions varied over 5 kb, confirming the Southern analysis
results presented above. Interestingly, although the left
boundaries of the 12 deletions were variable, all but two
terminated in a four-nucleotide consensus TTAR sequence,
a subset of the YTAR target consensus sequence seen with
IS5 transposition.

The commonly used E. coli K-12 strain HB101 is known to
be auxotrophic for proline and to harbor a deletion termed
either A(gpt-proA)62 or proA2 (7). In addition, this strain has
been used to identify the function of the crl gene by comple-
mentation (4, 29). We therefore characterized this deletion by
sequencing the region encompassing the junction. The results
(Fig. 4) revealed that the deletion present in HB101 is identical
to the E26 deletion. In the HB101 lineage (5), strain W2915
was the first ancestral clone to be described as a proline auxo-
troph, but it has been suggested (M. Berlyn, personal commu-
nication) that this phenotype was already present in W2914,
the direct ancestor of W2915. We verified that both of these
strains indeed carry the same deletion.

TABLE 2. Deletions detected in strain Y34

Location on E. coli

Deletion Deleted genes Size (kb) K-12 map (min)
1 gpt, yafA, crl, phoE, proB, proA, b0245, yafW, b0247, yafX, 19.1 54-5.9
b0249, ykfB, yafY, yafZ, ykfA, perR, b0255, tra8_1,
b0257, ykfc, yi52_10
11 ptsN, b3205, ptsO, b3207, yrbM, yhbL, arcB, yhcC, gltB, 234 72.1-72.5

gltD, gltF, yhcA, yheD, yhcE, yi52 10
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FIG. 2. Increase in average frequency of proline auxotrophs with
age of stab culture. Error bars indicate standard errors.

DISCUSSION

Genomic rearrangements arising in long-term culture. We
have presented evidence here that long-term cultures in sta-
tionary phase accumulate large-scale deletions spanning many
kilobases of the E. coli K-12 chromosome. These results thus
extend earlier observations that cultures in stationary phase
continue to undergo genetic changes. However, all of the pre-
vious work has reported on the accumulation of single gene

250 255 260
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W3110 274732-GCACTGTTATggaagagtg-274749
H122 259234 -TCCCATTTAAggaaggtg-274749
B52 259221-AAATTATTAAGgaagqtg-274749
F10 259188-TCACGCTTAAggaagata-274749
G113 258819-CACGTCTTAAggaagata-274749
Y54 257479-CACTTTTTAAggaaggta-274749
E26 257424-TGGTTTTTAAGgaaqata-274749
Z22 257254 -GACACGTTAAgdaagatg-274749
Y39 255319-TGGGCATTAAggaagatg-274749
Z20 253699-GCAAGATTAGggaagatg-274749
E41 253803-TATCTCTTARggaagagta-274749
Y52 254213-AAACTATCAGggaaqgtg-274749
Z14 255823 -AGCACTTCAGggaaggtg-274749
HB101 257424 -TGGTTTTTAGIgaadgtg-274749

FIG. 4. Sequences of the flanking regions of type 1 deletions. The
sequences at the left boundary for H122, B52, F10, G113, Y54, E26,
HB101, Y39, Y52, Z20, and E41 matched the consensus preferred
target sequence, YTAR, for IS5. The sequences for Y14 and Z52
differed from this consensus sequence by one base. The end of IS54 is
underlined and shown in lowercase, and the target sequences of the
IS5 insertion are shown in bold. The nucleotide positions on the
chromosome are given according the E. coli K-12 genomic sequence

().

mutations (41, 42), transpositions of IS elements (26, 27), or
genomic rearrangements (43) rather than the loss of genetic
material.

Porwillok et al. (30) have described archival strains of Sal-
monella enterica that have apparently suffered deletion as well
as the amplification of genetic material. Although not com-
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FIG. 3. The type I deletions can be grouped into the following 12 categories: B52 (D22), H122 (H148), F10, G113 (G92 and G95), Y54 (Y34,
Y42, Y50, and Y59), E26 (HB101, W2914, and W2915), Z22 (Z27, Z28, and Z57), Z14 (Z29), Y39 (Y4, Y5, Y15, Y24, Y26, Y35, Y45, Y46, Y49,
Y58, and Y60), Y52 (Y51 and Y53), Z20 (Z24), and E41. The deletions are displayed as thick lines. Comparisons of the deletion lengths distinguish
variable and common deleted regions. At the opposite end from the IS element, the last open reading frame in the common deleted region is crl.
The IS30 element is inserted inside an inactivated single copy of IS971. The distances are given (in kilobases) according to the published E. coli

K-12 genome (6).
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mon, there have been earlier reports of selection for deletions
arising in long-term culture. Riehle et al. (34) used compara-
tive genomic hybridization and observed two deletions in six
lines of E. coli B evolving for ~2,000 generations under high-
temperature stress. Modi et al. (24) described the selection of
a plasmid deletion arising in a long-term glucose-limited che-
mostat culture under conditions in which the so-called hunger
response and the starvation response overlapped (14). Simi-
larly, Adams et al. (1) and Dunham et al. (12) observed gross
chromosomal changes and rearrangements in evolving yeast
populations, some of which were large deletions. The evolu-
tionary significance of deletions and gene loss has been re-
vealed by comparative evolutionary studies, in which the inac-
tivation of nonfunctional or inessential genes often precedes
gene loss. This pattern is seen most dramatically in the evolu-
tion of parasitic or symbiotic prokaryotic genomes, which show
a significant reduction in size (23, 25).

Involvement of IS5 in the generation of type I deletions. The
location of an IS54 sequence at the right-hand boundary of all
of the type I deletions seen points to the involvement of this
element in the generation of the deletions. First described in
the case of IS/ (33), several other IS elements have been
shown to generate deletions that terminate precisely at one
end of the IS element. The mechanism of the formation of
such deletions and the transposition of the element appear to
share a common pathway (15). Deletions are thought to be
generated by a two-step process in which the insertion of a new
IS copy near a preexisting IS is followed by homologous re-
combination between the two copies. IS5 transposes nonran-
domly, and a preferred consensus target sequence, YTAR, has
been described (21). All but two of the deletions possessed the
sequence TTAR, belonging to the preferred consensus se-
quence YTAR, at the left boundary. The two deletions that did
not possess the TTAR sequence at the left boundary had a
four-base sequence at the left boundary that differed by only
one base from the YTAR consensus. It is therefore hard to
escape the conclusion that the IS5 transposition machinery is
involved in the generation of these deletions.

Many reports have shown that repeated elements in the
genome can often be recombinogenic, facilitating the forma-
tion of both duplications and deletions (3, 10, 11, 16, 18, 19). In
a recent report, Dunham et al. (12) showed that deletions and
major chromosomal rearrangements arising in Saccharomyces
cerevisiae were all bordered by sigma, tau, or delta repeated
elements. Gene duplications, by providing regions of adjacent
homology, are intrinsically unstable and can result in frequent
amplifications and deletions of duplicated regions via unequal
recombination events (2).

Selective advantage of type I deletions. Four lines of evi-
dence point to the selective advantage of type I deletions in
stab cultures. (i) A type I deletion was observed both in Y34,
a clone isolated from a stab culture that was maintained for 5
years, and in several other stab cultures. (ii) The frequency of
type I deletions increased steadily over time in short-term stab
cultures (Fig. 2). (iii) The variety of different type I deletions
seen, which were often characteristic of the particular stab
culture, indicates that such deletions arose repeatedly during
the evolution of the cultures. Thus, their ubiquity cannot be
explained by the occurrence of a unique event occurring in a
clone containing a selectively favored mutation (“hitchhik-
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ing”). (iv) A type I deletion is present in the widely used
laboratory strain of E. coli K-12, HB101, as well as in other
strains of the HB101 lineage, such as W2914 and W2915. In
addition, a deletion in the same region occurs in strain x711
(8).

Deletion of the crl locus. It is noteworthy that the right
boundaries of type I deletions vary over a 5-kb range but that
in all 12 categories, the crl gene was deleted and appeared to
define the limit of the smallest deletion. We therefore specu-
late that the selective advantage of type I deletions resides in
the loss of the crl gene. In all but two cases, the left boundary
of the deletion was characterized by the existence of the YTAR
consensus preferred target sequence for IS5 transposition.
YTAR sequences are observed frequently in the E. coli ge-
nome, occurring every 50 to 100 bases, and can be found
adjacent to the left boundary of the deletions. Thus, the ab-
sence of sequences of the YTAR family cannot be explained to
invoke the lower size limit of type I deletions. Although we
cannot rule out mechanical constraints for the lower size limit
of type I deletions, the available information for the cr/ gene
implicates it as a likely candidate. First identified as a tran-
scriptional activator of csg4B, the operon encoding the surface
protein curli (4, 29), the cytoplasmic Crl factor also modulates
the expression of 7poS during starvation (31). Mutations in
rpoS that confer a selective advantage during starvation in
liquid cultures have already been described (41), suggesting
that other mutations modulating the rpoS regulon may be
advantageous under starvation conditions.

The dinB locus is maintained by selection. While the lower
size limit of type I deletions can be speculated to be defined by
the crl locus, the upper size limit of these deletions appears to
be defined by the presence of the dinB locus, which encodes
DNA polymerase IV. As with the lower limit defined by the cr/
locus, the paucity of YTAR sequences in the genome cannot
explain this upper limit, as they occur frequently in the E. coli
genome, on an average of once every 50 to 100 bases. Similarly,
it is unlikely that mechanical constraints define this upper
limit, as Brooke and Valvano (8) have described a large IS5-
mediated deletion of the crl-dinB-IpcA region in the E. coli
K-12 derivative x711. However, it is noteworthy that DNA
polymerase IV is involved in SOS-induced untargeted mu-
tagenesis (38, 39) and in the appearance of mutations in cells
that are not growing (22). Furthermore, the loss of dinB activ-
ity results in a marked reduction in fitness compared with
dinB™ strains (40). It is therefore tempting to suggest that the
upper size limit of type I deletions is determined by dinB
activity and the generation of adaptive genetic variation in stab
cultures undergoing low rates of cell turnover. The selective
advantage of mutator strains in continuous cultures has like-
wise been shown to be due to an increase in the rate of gen-
eration of genetic variations among mutator strains (9).

In conclusion, the use of comparative genomic hybridization
has allowed us to identify large-scale deletions occurring in
cultures evolving under long-term conditions of extreme star-
vation. The analysis of one category of deletion has further
allowed us to identify loci that we speculate are both selectively
lost and selectively maintained in such cultures.
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